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ABSTRACT
Radiative electron capture (REC) cross séctions for 40-80 MeV
" C1 ions incident on thin C foils are reported.and compared with
previous results using Cu‘taégetg. We find that the measured REC

cross section per K vacancy scales according to the number of

“free" electrons on the target atom, i.e., thése bound taréet
electrons with a Vélocity'much less than the incident projecti]é
velocity. ‘Comparisbn is made'with the free—electkon theory of
" Bethe and Salpeter and good agreement is obtained. Experimental
and theoretical results are compared with those of Lindskog et
gl.; and'consideration is given to different ways of computing the

theoretical REC cross section.

*Work supported in part by the U. S. Department of Energy, Division of
Chemical Sciences, and Office of Fusion Energy, under contract
W-7405-ENG-48.



ﬂe have previously measuréd radiativeéelectron—capture (REC) Ccross
sections for Cl1 ions in collisions with thin Cu taréets.l‘ The mea-
sured REC yiélds were properly normé]ized to the fraction of ions with K
vacancies by taking into account target-thickness effect52?3 thereby

giving the REC cross section per K vacancy. The resulfs were in good ' .

agreement with predictions based on the free-electron theory of Béthe_
and Sa]petér.4

In this Eomment we report an extension of theée measurements for Cﬁ'
ions incident on thin C targets. Furthermore, we pfeéent a mbdificatibn
of the method used to calculate the theoretical cross section fromkfhe
Bethe-Salpeter theory4, giving better agreement with the experimenta]v
resu]ts; The experimental and theoretfca] results presented here are
compared with those of Lindskog gg_gl.s |

.C1 ions wfth energies 40, 60, and 80 MeV obtaingd from the Triangle
Universities Nuclear Laboratory FN Tandem Van de Graaff'acce1erator.were '
incidenf'on C foils of thickness 10-150 ug/cmz. X rays were detected -
in air, through a 25.4-um Mylarvwindow,vat 90° to the beam with a Si(Li)
detector. Additionally, a 12.7-um Al absorber was used to attenﬁate the
.characteristic x-ray intensity relative to the REC; Normaiization of
the incident beam intensity was accomp]ished by detectiﬁg scatteked |
projectile fons’and recoiling target atoms in a silicon surface barrier
detector. Absolute detebtion efficiency of x rayé was determined by

'methods previously described1’6.

7;;

Aha]ysis of the data was carried out according to the method of Ref.
1. In the present work the incident charge states were 6+, 8+, and 10+ o G
for 40, 60, and 80 MeV, respectively. Hence, the analysis for

q < Z1 - 2 (A =0) of Ref. 1 is applicable in the present case.
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sections at 90° were ca]cu]ated assuming a s1n29 dependence

The analysis of the 80 MeV data for C1 + C was complicated by the.

fact that a suBstantia] fraction of the projectile ions develop two K

‘vacancies in passage through the foil, with the ratio of ions having two

K vacancies to those with one K vacancy varying from ~8-30% over the
range of target thicknesses (10-150 ug/cmz) inVestigated.7 In the
case of the characteristic x rays, the contributien due to two K
vacancies is resolved and can be subtracted from the measured K x-ray
intensity. For radiative capfure, however, the'contribufion due to
projectiles with two K vacancies is not resolved, and so we have no way
of determining the fraction of the measured. intensity due to sueh ions.
Since the measured REC yield daktc/dﬂ is‘direct1yvproportiona1 to the
cross section per K vacancy doREC/dQ (Ref. 1), the net effect will
be to overestimate doREC/dQ for 80 MeV by at most 30% and, more
probab]y, somewhat less than this.

Values of the differential REC cross section'dcgECdQ at 90°

per K vacancy obtajned from the present analysis for C1 + C are shown in

Fig.v] along with our previoug results fqr 1+ Cu]. Although the
beam energy dependence is about the same for the two targets, the
measured cross sections in Cu targets are roughly a factor of three
higher than those in C targets. This is attributed to the fact that
there are more "free" e]ecteons to be captured in Cu than in C.
Experimental cross sections are compared with the free-electron
theory of Bethe and Sa]peter4 from which the differentia] Cross
11
the REC intensity. The dashed curve is the cross'sectwon for capture of
a singie free electron by the incident C1 ions. However, each target
atom has several electrons which can be captured radiatively. In a

previous



analysisl we rather arbitrarily assumed that all of the M and N-shell
eiectrons (19 electrons) in Cu contrfbuted equally to'REC, and in'a
1atef pub]ication6, this was modified so that only the eleven
outermost electrons in Cu were included in the ca]cu]atibns. Thé
critérion to be used in determining which electrons are to be included
in the Bethe-Salpeter calculations is that the captured electron be

&/

essentiaﬁ]y "free" with respect to the incident projectile. This

condition may be expressed by the relation

v
£
v

where v, is the bound electron Qe]oci;y in the target atom and v is
fhe 1aboratdry incident projectile velocity, EB the initial electron
binding energy, E the -incident projectile energy and My and M the
eiectron and projectile masses, respectivé]y. If we require that
ve/v < 0.1, a simple ca]tu]atidn, using the binding energies listed by
Bearden and Burrlz, shows that this conditidn is satisfied only for
the eleven outermost e]ect?ohs in Cu and the.four L e]ectrons‘in C.

If the sing]e‘e]‘ectronBethe—Sa]peter4 cross section shown in Fig.
1 is multiplied by the factors eleven énd four, respectively, for Cu and
C, we obtain the solid curves shown iﬁ the figure. The results are seen
to be in excellent agreement with not only the beam energy dependence
but a]so with the absolute magnitude of the measured cross sections.
Any remaining discrepancies are likely attributable to either
statistical uncertainties in the measured x-ray yields or to Systematic

errors in the absolute detectionvefficiency determination.
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The present results can be compared with those of Lindskog5 et al.
for 30, 40, 48, and 58 MeV C1 ions incident on C foils, which are shown
by the open squares in Fig. 1. The experimental cross sections reported

by these authors have been multiplied by 3/8w in order to obtain the
o 11

“differential cross section at 90 . It is seen that the agreement

with the present measurements is poor. .The reason for this discrepancy
is not completely known. A likely possibility is that Lindskog et
gl.s,nokmalized the measured REC intensity to the characteristic K

x-ray intensity from decays inside the foil following the procedure of

Schulé et a].g This procedure suffers from the fact that it is

difficult to accukate]y determine the x-ray intensity from decays inside
the foil alone and, furthermore, the radiative decay time for the highly
ionized projectile must be known. Another cause for the discrepancy may
be the difficulty of accurately determining the absoiute detector
efficiency.

“In addition to the disagreement in experimental values between Ref.
5 and the present work, there is also disagreement in the theoretical
values calculated from the Bethe-Salpeter theory4. It shou]dvbe
pointed out that, in the comparison with experimental results, Lindskog
et al. multiplied the theoretical single electron cross section by sii
rather than four, as we have done, to account for the additional
electrons on C.

In order to determine the reéson for the discrepancy, let us examine

more closely the ca1CuTétion of theoretical REC cross sections from the

expression given by Bethe and Sa]peter,4 namely

3.2 v -1
BS _ -21/ n exp(-4n arctan n 2
0B = 9.1 x 10 <1+n2> e AL () (2)



where n = [EK/(EREC—EK)]]/Z

in which Ex 1s the K-shell binding

energy of the electron after capture. and EREC is the energy of the
emitted photpn. For capture of a free electron by a bare projectile, n
is just the ratio of the electron velocity after capture to the initial
ve]ocity of the captured e]ectrbn with respect to the jon. In this
case, the binding energy may be obtained by hydrogenic scé]ing_and SO

n = Zezfﬁv. This latter expression for n iS'the one used by Lindskog

et al. to compute osgc. There are two problems with this method.

First, the incident ion is not fully stripped and, hence, the bound

electron velocity so obtained may not be acturate. Secbnd, the captured

electron is not really free since it is bound in the target material, .
and hence; has a component of velocity in addition to the relative

- motion between target'and projectile.

In our calculations we have used the expression for n written in

. terms of EK and EREC’ ‘The advantage of this method is that values

for EK and EREC’can be thaihed from experiment, thereby giving more °
‘accurate values for these quantities. The value of EREC is given
direét1y by experiment and was ﬁéken tb be the energy corresponding fo‘
the centroid of the observed REC peak. Two different ways of
determining EK_from‘experiment were investigated. In the first

method, the K-shell binding energy EK for the highly étripped C1 ions
was taken to be equal to the sum of the single K-vacancy binding energy
fbr C]12 and the measured increase in the K8 x-ray energy. Since the
K8 x-ray energy (2816 eV)13 is very close to that of the K-shell
binding energy (2822 eV)12 for a C1 ion with a single K vacancy, we
havé assumed tHe same to be true for a multiply-ionized C1 jon. In the

second method, the measured REC energy EREC is used to determine EK’



K*

since, to a very good approximation, EREC.iS given by 3,14

-

m .
e
Erec = B¢ * 5 E- | | | (3)

This expression is strictly valid only for the capture of a free electron
since it .neglects the cqntribution tq EREC due to.the initial binding in
the target atom. However, so long as only those electrons are considered
for which eq. (1) is valid, this contribution will be small. Then, since
the value of EREC is given by experiment, eq. (3) may be used to compute |
c _

Figure 2 shows the measured REC energies as a functiqn of beam energy

compared with two calculations. In each case'EREC was calculated from

“eq. (3). For the dashed curve EK was taken to be equal to the hydrogenic

.. 2 v
K-shell binding energy, Zeff(13.6 eV), where Zogg = 2-0.3. For the
solid curve EK was determined, as discussed above, from the shifted

EKB energy. It is seen that the solid curve is in much better agreement

- with the measured REC energies, indicating that this latter method of

determining EK gives more realistic values. The increasing deviation
between the data and the solid line for increasing beam energy reflects

the fact that the Kg x-ray energy provides a relatively poorer estimate of

EK for the higher incident energies (i.e. as the ionization of the

\

projectile increases).
These results suggest that, using the measured REC energy to calculate
E - from eq. (3) is not only reasonable, but probably provides the best

estimate for EK' Furthermore, contributions to EREC from the initial



binding of the captured electron in the target are implicitly included
in the ca]cu]afion of EK by this mefhod.

In Table I and Fig. 3 we show the results of using hydrogenic
scaling to calculate oggc from eq. KZ) compared with the résu]ts
7of using experimenfa]]y determined values for EK and EREC to

BS

calculate SREC" It is seen that the theoretical REC cross

«

section may vary by as much as 35-60% depending on which methodvis
.used. The cé]cu]ated cgéc obtained using .the Qalﬁes of EK from
- eq. (3) are believed to be the most'accufate since they are derived from
values of EK'and EREC which most closely represent the experimental
situation. Hence, the va]ues of oggc given by the solid curve in
"Fig. 3 were multiplied by 3/8n to give the dashed curve in Fig. 1.
These résu]ts, combined with the fact that Lindskog et al. multiplied
the theoretical Bethe—Saneter cross section byAsix rather than four for
Cl1 + C, account for the discrepancy inﬁtheoretica] calculations between
Réf. 5 and the present work.
.In conclusion we have shown that when REC cross sections are
properly normalized‘to the fraction of ions with K vacancies, according
to the procedure of Ref. 1, excellent agreement is obtained with
predictions of the Befhe—Sa]peter théory by assuming a sinze
dependence for the REC intensity and by taking proper account of the
number of "free" electrons on each target atom. Experimental
measurements of REC resulting from projectiles incident on foil targets
are likely to give inaccurate results unless target thickness effects ‘
are taken into account. Furthermore,'thé present results establish v
quantitatively, for the first time, that the REC cross sectioh depends

strongly on the number of "free" electrons in the target atom.
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Fig. 1.

Fig. 2.

Fig. 3.

‘Figure Captions

C1 REC differential cross sections at 90° per K vacancy as a
function of the incident C1 ion energy. So]jd squafes: CT + C,

present work; solid circles: C1 + Cu, Ref. 1; open squareét oy

Cl + C, Ref. 5. The dashed curve was Caicu]ated from the

' s
"L

free-electron theory of Bethe and Salpeter (Ref. 4), assuming a

' sinze angular distribution for REC (Refs. 8-11). The solid

curves were obtained by mu]tip]ying the dashed curve by factors
Qf four and eleven for C and Cu, respectively, representing the

number of “free" electrons on these target atoms (see text).

Centroid energy ErEc of the observed REC peak vs. incident beam

energy E.. The experimental errors are about the éizé of the

-points. Calculated values of EREC were obtained from eq. (3).

For the dashed curve, hydrogenic scaling was used to ca]cu]até
the K-shell binding energy EK for a highly stripped C1 ion,

whereas, for the'SOEid curve, EK was determined from the

. measured shift aE, in the Ks x-ray energy.

Comparison of the three different methods of computing the
theoretical REC cross sections as presented in Table I. A1)l
calculations are based on the Bethe—Sa]petef theory given by eq.

. : A\

(2). The solid curve was used to obtain the dahsed curve in

Fig. 1. ' | =
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